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Limited information is available on the optimal cement thickness of monolithic zirconia crowns. This
study was designed to evaluate the stress distribution in the posterior monolithic zirconia crowns with
different cement thicknesses under masticatory force and maximum bite force using three-dimensional
ﬁnite element analysis. The prepared and unprepared mandibular right ﬁrst molar models were scanned
and exported to the computer-aided design system. Solid models of monolithic zirconia crowns, which
were cemented on prepared teeth were generated. Four models were fabricated applying different ce-
ment thicknesses (100 mm, 200 mm, 400 mm, and 600 mm). The solid models were imported into the ﬁnite
element analysis software and meshed into tetrahedral elements. Four three-dimensional ﬁnite element
models were simulated under masticatory force and maximum bite force: vertical (axial), angular (45°)
and horizontal loads of 280 N at 5 points; vertical load of 700 N at 8 points were loaded, respectively. The
stress distribution varied with the different cement thicknesses and directions of applied loads. The
monolithic zirconia crowns with cement thicknesses exceeding 200 mm had wider distributions of peak
maximum principal stress under the same loading conditions. Monolithic zirconia crowns have more
stress concentrations on the occlusal surfaces, while the cement layers have more stress concentrations
on the cervical areas. Thicker cement layers were associated with more concentrated stresses on the
buccal and lingual cervical areas. The test results show that the cement thickness plays an essential role
in the success of monolithic zirconia restorations in terms of reducing cement wash-out. Cement
thickness of 100 mm is recommended for monolithic zirconia crowns.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In order to meet patients’ increasing demands for better es-
thetics and biocompatibility, the use of all-ceramic restorations
has grown in recent years. However, when placed in the posterior
area, veneered porcelains of the all-ceramic restorations are prone
to fracture. Although metal occlusal surfaces have been used to
prevent facture of porcelain-veneered restorations, these restora-
tions did not fully satisfy the esthetic demands of the patients. The
patient's esthetic demands in the area of dental prostheses led to
the development of dental ceramics, such as lithium disilicate,
glass-inﬁltrated alumina, densely sintered alumina, and partially
stabilized zirconia [1].
Recently, zirconia has been introduced as an alternative to theLtd. This is an open access article uother all-ceramic restorations because of its strength. Zirconia
exists in three different crystal phases at three different tem-
peratures; monoclinic, tetragonal, and cubic. Zirconia is in the
monoclinic phase at room temperature. The monoclinic phase
transforms into the tetragonal phase from above 1070 °C. Then
zirconia becomes stable in the tetragonal phase between 1170 °C
and 2370 °C. At temperatures above 2370 °C, zirconia exists in the
cubic phase. Zirconia can maintain the tetragonal phase at room
temperature when stabilizers such as ceria, magnesia, or yttria are
added. The transformation of martensitic tetragonal to monoclinic
phase may be initiated by stress, such as machining, wear, or
water. The transformation from the tetragonal to monoclinic phase
causes a volume expansion by 3–4%. Crack propagation is blocked
by the volume expansion at the crack tip. This transformation-
toughening phenomenon results in the fracture resistibility and
higher strength of zirconia. Zirconia has ﬂexural strength ranging
between 800–1200 MPa and a fracture toughness ranging between
6–8 MPa, and it meets the mechanical requirements for highnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) is the
most commonly used zirconia in dentistry because of its higher
ﬂexural strength, which ranges from 900 to 1200 MPa. Y-TZP has
been used in endodontic posts, implant abutments, substructures
for crowns, ﬁxed dental prostheses, and dental implants [3]. Y-TZP
demonstrates optimal material properties such as dimensional
stability, high mechanical strength, high fracture resistance, and
biocompatibility. Consequently, Y-TZP has been considered a po-
tential replacement for conventional materials such as gold or
metal substructures in dental restorations [5]. Due to their lack of
translucency, however, zirconia substructures are generally ve-
neered with porcelain to achieve a more natural appearance. Ir-
onically, this addition causes the most common failure of zirconia
restorations, fractures and chippings of veneered porcelain due to
their brittleness [6]. In order to overcome the limitations of por-
celain-veneered restorations, monolithic zirconia crowns have
been used clinically in esthetically restricted areas.
The solid property of zirconia results in production difﬁculty of
this material. Advances in computer-aided design (CAD) and
computer-aided manufacturing (CAM) technology have led to
more efﬁcient fabrication of substructures concerning zirconia.
However, substructures fabricated by CAD/CAM systems have too
wide internal variations. Despite the fact that many CAD/CAM
design software systems can determine cementation spaces, fab-
ricated substructures have greater internal gaps than ideal [7–10].
Bindl et al. [8] demonstrated that the internal gaps could vary from
81 mm to 136 mm among the CAD/CAM systems. Lin et al. [9] re-
ported that the internal gaps ranged between 73 mm and 634 mm
under the occlusal surface even when one CAD/CAM system was
used. Reich et al. [10] studied the internal and marginal gaps of all-
ceramic crowns fabricated by 3 commercially available CAD/CAM
systems. The authors reported that the mean values of occlusal
gaps were 215 mm, 371 mm, and 383 mm while the maximum oc-
clusal gaps were measured at 502 mm, 777 mm, and 905 mm. Beuer
et al. [11] showed that the occlusal and axial gaps were wider than
the marginal gaps in the zirconia copings.
Finite element analysis (FEA) has been used to analyze the
magnitude and distribution of stresses in complex geometries. In
dentistry, FEA has been used to study stress distributions in teeth
and restorative materials [12–15]. Many previous studies have
reported the two dimensional (2D) FEA of all-ceramic restorations.
Kamposiora et al. [16] reported minimal effects of cement thick-
nesses on stress distribution in the ﬁrst premolar. Additionally,
Proos et al. [17] reported the minor inﬂuence of cement thickness
and type on the peak tensile stress distribution in gold and glass-
inﬁltrated alumina substructures. These studies determined that
the cement thicknesses are between 25 and 100 mm [16] and 50–
100 mm [17], respectively. On the other hand, May et al. [18] found
that the failure loads of feldspathic ceramic decreased under both
bonded and non-bonded conditions as the cement thickness in-
creased (50–500 mm). Previous 2D FEA studies used porcelain-ve-
neered ceramic for all-ceramic crown material. However, not many
studies have been conducted on the variations in stress distribu-
tion associated with the use of monolithic zirconia crowns.
Moreover, distinct criteria have not been established for the ce-
ment thickness of monolithic zirconia crowns, despite their rapid
development and increased applications. The objective of this
study was to evaluate stress distribution in posterior monolithic
zirconia crowns with different cement thicknesses under max-
imum bite force and masticatory force by using three dimensional
(3D) FEA.
2. Materials and methods
The 3D ﬁnite element model consists of numerous nodes andelements that divide a geometric solid model [19,20].
2.1. Tooth, cement layer, monolithic zirconia solid model generation
A mandibular right ﬁrst molar of the Nissin study model
(D85DP-500B.1, Nissin Dental, Japan) was prepared with an 8°
convergence angle between tooth axis and axial wall. The pre-
pared margin was clearly deﬁned by a 1.2-mm-deep chamfer and
all the line angles were rounded. The preparation was completed
with a surveyor (F1, DeguDent GmbH, Kanau, Germany) for the
sake of standardization. The prepared crown and unprepared
crown resin model were scanned by using an optical scanner
(Optical 3D Scanner Activity 101, Smart Optics Sensor technik
GmbH, Bochum, Germany), and the scanned values were exported
to the CAD system (Free Form Modeling Systems, Sensable-Geo-
magic, MA, USA). Then, the monolithic zirconia crown was de-
signed in accordance with the external shape of the crown in
unprepared resin model using CAD. The solid models of a mono-
lithic zirconia crown, a cement layer, and a prepared tooth (dentin)
were generated by using the scanned images with CAD software
(Hyper Works 10.0, Altair Engineering, Ontario, Canada). In this
process, 4 different models were fabricated according to the ce-
ment thicknesses (50-mm-thick in marginal area):
 Model 1. 100-mm-thick cement space.
 Model 2. 200-mm-thick cement space.
 Model 3. 400-mm-thick cement space.
 Model 4. 600-mm-thick cement space.
The monolithic zirconia crown layer, the cement layer, and the
prepared tooth were assembled in the ﬁnal model (Fig. 1).
2.2. 3D ﬁnite element model generation
The solid models values were imported into the FEA software
(ABAQUS/CAE 6.9, Dassault Systèmes, Vélizy-Villacoublay, France),
and those models were meshed into tetrahedral elements. The
material properties used in the present study are listed in Table 1
[17]. Data on the monolithic zirconia crown material were pro-
vided by the supplier. Tables 2 and 3 show elements and nodes
consist in 3D FEA. The models were tested for convergence before
simulation.
2.3. Boundary condition
The following assumptions were made regarding the FEA
model: (1) all components (monolithic zirconia crown, cement
layer, and prepared tooth) were assumed to be homogeneous,
linearly elastic, and isotropic; (2) there was no slip condition be-
tween the components for perfect bonding; (3) each cement layer
had a uniform thickness except for the marginal areas; (4) there
was no ﬂaw in any of the components; (5) the monolithic zirconia
had a uniform thickness (1.2 mm thick) except for the marginal
areas; and (6) all degrees of freedom were constrained at the root
component surface [21].
2.4. Numerical simulations
2.4.1. Simulation of the masticatory force
In simulating masticatory force, three different load directions
were applied: vertical (axial) direction, angular (45°) direction and
horizontal direction. Loads were applied at 5 different loading
points on occlusal surfaces: 3 points on the outer inclines of the
buccal cusps, and 2 points on the inner inclines of the lingual
cusps (Fig. 2a and b). These loading points resemble contact points
during mastication. The magnitude of load was 280 N, which
Fig. 1. Computer-aided designed tooth / monolithic zirconia crown components:
(a) monolithic zirconia crown; (b) cement layer; (c) prepared tooth.
Table 1
Material properties used in the ﬁnite element analysis.
Component Material Young's modulus
(GPa)
Poisson's
ratio
Density
(g/cm3)
Crown Zirconia 205 0.19 2.40
Cement layer Resin 8 0.33 2.19
Tooth Dentin 16 0.31 2.14
Table 2
Elements in the three dimensional ﬁnite element model.
Model Number of elements
Zirconia Cement Dentin
1 115,528 30,150 72,977
2 110,049 31,232 72,977
3 109,590 35,217 72,977
4 107,966 38,825 72,977
Table 3
Nodes in the three dimensional ﬁnite element model.
Model Number of nodes
Zirconia Cement Dentin
1 32,021 10,205 18,383
2 30,652 10,452 18,383
3 29,752 11,693 18,383
4 26,453 12,924 18,383
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2.4.2. Simulation of the maximum bite force
A load of 700 N, which was deﬁned as the maximum bite force
[23,24] was uniformly distributed on the following 8 loading
points on the occlusal surface in the vertical direction: 3 points on
the outer inclines of each buccal cusp, 3 points on the inner in-
clines of each buccal cusp, and 2 points on the inner inclines of
each lingual cusp (Fig. 2c and d). The maximum principal stresses
were recorded for the monolithic zirconia crown, each cement
layer, and prepared tooth.3. Results
Figs. 3–6 present the stress patterns of monolithic zirconia
crown models. The color contours indicate the magnitude of dis-
tributed stress. Overall, the stress distribution changed with the
different cement thicknesses and directions of the load applied.
The monolithic zirconia crowns with thicker cement layers had
wider distributions of peak stress under the same loading condi-
tions. Regarding the same thickness of cement layers, the mono-
lithic zirconia crowns with the application of horizontal loading
had the widest distribution of peak stress, followed by angular and
vertical loading. These trends were found in other aspects of
monolithic zirconia crowns as well.
3.1. Simulation of the masticatory force
Figs. 3–6(a)–(c) show the maximum principal stress (MPS)
distributions of the monolithic zirconia crowns. The MPS con-
centrations were found at the 5 loading points; buccal cusp and
cervical area; lingual pit; cervicobuccal area in mesial and distal
aspects of the monolithic zirconia crown. The monolithic zirconia
crowns with cement thickness more than 200 mm had a wider
distribution of peak MPS under the same loading conditions. The
MPS concentrations were found at the central groove area and
cervical area of the cement layer. Moreover, those were found at
the central groove area and cervicobuccal area of the prepared
tooth. The prepared tooth with a thicker cement layer had wider
distribution of high MPS under the same loading conditions.
3.2. Simulation of the maximum bite force
The MPS distribution patterns for monolithic zirconia crowns
are presented in Figs. 3–6(d). The MPS were concentrated on
8 loading points on the occlusal surface; the middle one-third of
the buccal surface; the lingual pit on the lingual surface; the cer-
vical areas of the mesial and distal surfaces. The MPS was con-
centrated on the cervical area of the cement layer. The MPS was
concentrated on the occlusal surface and on the axial walls of the
buccal and lingual surfaces of the prepared tooth. The prepared
tooth with the thicker cement layer was exposed to greater con-
centrations of stress on the occlusal surface and on the axial walls
of the buccal and lingual surfaces.
Fig. 2. Loading points and directions of load applying simulating masticatory force (a and b) and maximum bite force (c and d): (a) Three points on the outer inclines of each
buccal cusp, and two points on the inner inclines of each lingual cusp; (b) three different load directions: vertical (axial) direction, angular direction (45°) and horizontal
direction; (c) three points on the outer inclines of each buccal cusp, three points on the inner inclines of each buccal cusp, and two points on the inner inclines of each lingual
cusp; (d) a total load of 700 N was applied from the vertical (axial) direction.
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layer. The von Mises stresses were concentrated on the cervical
area of the cement layer. A thicker cement layer was associated
with more concentrated stress on the buccal, lingual, mesial, and
distal cervical areas. The MPS values in the monolithic zirconia
crown and cement layer are presented in Figs. 8 and 9.4. Discussion
The present study investigated the effect of the cement thick-
ness on stress distribution in a monolithic zirconia crown using 3D
FEA. Improvements of CAD/CAM technologies allow the fabrica-
tion of monolithic zirconia restoration [25]. Monolithic zirconia
crowns have been widely accepted to use in the posterior area,
because veneered porcelain is prone to chipping or fracture under
occlusal loading. Zirconia has a beneﬁcial property known as
transformation toughening, which disturbs crack development
[26]. Therefore, monolithic zirconia restoration has superior me-
chanical properties to other ceramic materials [25,27]. Although
the use of the monolithic zirconia crown has become popular in
posterior regions, well-established guidelines do not exist for the
cement thickness in monolithic zirconia crown restoration. Pilo
et al. [28] conducted an in vivo retrospective study on cement
thicknesses under crowns in extracted teeth. The authors found
that mean occlusal cement thickness was 302 mm, and cement
thickness in the molar area (369 mm) was greater than that of the
premolar areas (219 mm). Moreover, Lin et al. [9] found that the
internal gap varied from 73 mm to 634 mm under the occlusalsurfaces even when the same CAD/CAM system was used. There-
fore, the values of cement thicknesses used in the present study
were 100 mm, 200 mm, 400 mm, and 600 mm depending on the
published measures of misﬁts of crowns fabricated by CAD/CAM
systems [9,10].
Greater cement thicknesses may lead to decreased retention or
structural deterioration of monolithic zirconia crowns. It has been
reported that loss of retention occurred signiﬁcantly more in zir-
conia based crowns compared to porcelain-fused-to-metal crowns
[29]. Estimated 5-year complication rate of zirconia based crown
(4.7%; 95% CI 1.7–13.1%) was higher than that of porcelain-fused-
to-metal crown (0.6%; 95% CI 0.4–1.0%) [29]. Moreover, zinc
phosphate or glass–ionomer cement showed signiﬁcantly more
loss of retention than resin cement in the zirconia ﬁxed dental
prostheses [30]. Lack of vitreous phase in polycrystalline structure
makes it difﬁcult to use of hydroﬂuoric acid etching or silane
coupling agent in chemical bonding between zirconia and resin
cement. Therefore, various surface treatments, such as airborne-
particle abrasion, have been reported to achieve durable adhesion
between zirconia and resin cement [31,32]. Airborne-particle
abrasion has provided micromechanical interlocking thank to its
ability for increasing surface roughness and modifying the surface
energy [31,33–35]. The effect of airborne-particle abrasion may be
attributed to an increase in the micromechanical retention that
elevates the capability of the resin cement to interlock mechani-
cally onto the zirconia surface [36]. When the material has no
speciﬁc groups to bond to the silane coupling agent, the surface
may be modiﬁed with tribochemical silica coating to attain a
chemical bonding with the silane [36]. Deposited silica particles on
Fig. 3. Buccal view of maximum principal stress distributions within monolithic zirconia crowns for all models: (a) load of 280 N at 0° to the tooth axis (vertical direction);
(b) load of 280 N at 45° to the tooth axis, towards the lingual margin; (c) load of 280 N at 90° to the tooth axis, towards the lingual surface (horizontal direction); (d) load of
700 N to vertical direction.
Fig. 4. Lingual view of maximum principal stress distributions within monolithic zirconia crowns for all models: (a) load of 280 N at 0° to the tooth axis (vertical direction);
(b) load of 280 N at 45° to the tooth axis, towards the lingual margin; (c) load of 280 N at 90° to the tooth axis, towards the lingual surface (horizontal direction); (d) load of
700 N to vertical direction.
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with hydrolyzed silanol groups in the silane [36]. Silane improves
wettability of resin cement as well as increases the surface energyof zirconia. Moreover, functional monomers containing coupling
agents, such as 10-methacryloyloxydecyl dihydrogen phosphate
(MDP) and 4-methacryloyloxyethyl trimellitate anhydride
Fig. 6. Distal view of maximum principal stress distributions within monolithic zirconia crowns for all models: (a) load of 280 N at 0° to the tooth axis (vertical direction);
(b) load of 280 N at 45° to the tooth axis, towards the lingual margin; (c) load of 280 N at 90° to the tooth axis, towards the lingual surface (horizontal direction); (d) load of
700 N to vertical direction.
Fig. 5. Mesial view of maximum principal stress distributions within monolithic zirconia crowns for all models: (a) load of 280 N at 0° to the tooth axis (vertical direction);
(b) load of 280 N at 45° to the tooth axis, towards the lingual margin; (c) load of 280 N at 90° to the tooth axis, towards the lingual surface (horizontal direction); (d) load of
700 N to vertical direction.
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Fig. 8. The maximum principal stress values in the monolithic zirconia crown: (a) load of 280 N at 0° to the tooth axis (vertical direction); (b) load of 280 N at 45° to the tooth
axis, towards the lingual margin; (c) load of 280 N at 90° to the tooth axis, towards the lingual surface (horizontal direction); (d) load of 700 N to vertical direction. B: buccal
surface; L: lingual surface; M: mesial surface; D: distal surface; I: intaglio surface.
Fig. 7. The von Mises stress distributions within 4 cement layer models under maximum bite force: (a) buccal view; (b) lingual view; (c) mesial view; and (d) distal view.
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cement [4,37,38]. These functional monomers provide a strong
adhesion to the zirconia restoration, but involve additional steps
and cost more than simple cementation. It has been demonstrated
that adhesion of cement was signiﬁcantly inﬂuenced by the ce-
ment type, surface modifying method and test method [39]. After
mechanical surface conditioning, MDP-containing cement showed
the highest macrotensile and microtensile bond strengths com-
pared to those of other cement [39]. However, there is no universal
surface treatment for clinically sufﬁcient bonding of the zirconia
crowns [40].FEA may help to predict the possible fracture of restorations
when speciﬁc material combinations are used. However, failure
patterns are inﬂuenced by widely diverse variables, such as pre-
paration designs, cement types and thicknesses, marginal ﬁts,
bond strengths between crowns and teeth, and alterations made
in oral environments. These variables may have different effects on
stress distribution. May et al. [18] studied the inﬂuences of
bonding conditions and cement thicknesses by using multi-phy-
sics 2D FEA and experimental tests. The authors reported that
polymerization shrinkage of a thicker cement layer created higher
level of stress on the internal occluso-axial angle under a bonded
Fig. 9. The maximum principal stress values in the cement layer: (a) load of 280 N at 0° to the tooth axis (vertical direction); (b) load of 280 N at 45° to the tooth axis,
towards the lingual margin; (c) load of 280 N at 90° to the tooth axis, towards the lingual surface (horizontal direction); (d) load of 700 N to vertical direction. B: buccal
surface; L: lingual surface; M: mesial surface; D: distal surface; I: intaglio surface.
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crown [18]. For a bonded crown, the polymerization stresses of
cement layer may become more inﬂuential factor as the cement
thickness increased. Bonding beneﬁts were lost at thicknesses
approaching 450–500 mm due to polymerization shrinkage stres-
ses. Moreover, elastic modulus of the resin cement is relatively
lower than that of the ceramic (6.3 GPa versus 64 GPa). Many
authors suggested that stress relief can be obtained by several
mechanisms, which include bonding failure, microfracture of ce-
ment, and water absorption [25,26,41,42]. Microfracture or dis-
solution of the cement at the exposed cement line may trap the
food debris or plaque and allow microleakage of bacteria or their
by-products [16]. They can cause secondary caries or periodontal
disease underneath cemented restorations. In addition, ill-ﬁtting
margin of the restoration may also cause the same problems. In the
current study, it was found that the stress concentration in mono-
lithic zirconia crown increased as the cement thickness increased
during mastication and maximum biting simulation. The angular
and horizontal loads cause wider distribution of stress than the
vertical load. These loads are generated more in the posterior
dentition than in the anterior. Moreover, thicker cement spaces led
to more concentrated peak stresses on the marginal areas of the
cement, during the maximum bite force simulation. Therefore,
thicker cement spaces in the monolithic zirconia crowns make the
dental cement more prone to fracture or dissolution. They may lead
to secondary caries or periodontal diseases, followed by restoration
failures. Polymerization shrinkage is crucial in resisting against the
failure of crowns, especially when thicker cement layers exist.
Son et al. described that MDP-containing resin cement showed
the highest mean retentive force compared to self-adhesive resin
cement with phosphate monomer and resin-modiﬁed glass iono-
mer cement in zirconia crown with internal gap of 40 mm [43].
However, as the internal gap increased to 160 mm, self-adhesive
resin cement with phosphate monomer exhibited the highest
mean retentive force compared to MDP-containing resin cement
and resin-modiﬁed glass ionomer cement [43]. They re-
commended use of resin cements to improve the retentive force of
zirconia crowns regardless of the amount of internal gap width.Resin cements have great physical properties such as low so-
lubility and low water absorption for better esthetics and func-
tions. When all-ceramic crowns are cemented, the assembly of
ceramic, cement and prepared tooth are exposed to a watery en-
vironment. It is well known that the failure of ceramic restoration
is affected by the presence of water. Water absorption may result
in low-temperature degradation of zirconia. A previous study
show that low-temperature degradation results in increased
monoclinic phase fractions and surface roughness, with con-
comitant decrease in modulus and hardness [44]. However, yttria
content and ﬂexural strength did not signiﬁcantly change, sus-
taining long-term in vivo function without restorative failure [44].
Water can also negatively affect the properties of resin cements,
causing restoration failure. It is evident that water absorption has
important effect on the long term qualities of resin cements. Water
absorption within the cement is affected by duration of the ab-
sorption and thickness of the cement. Water absorption sig-
niﬁcantly diminishes the ﬂexural strength of resin cement. The
reduction of ﬂexural strength as well as the modulus of elasticity
may be critical for thick areas of resin cement. Scientiﬁc evidences
have shown that absorbed water works as a plasticizer of cements
and may therefore create unsupported areas underneath the re-
storation and increase the chance of fracture under mastication
forces. Therefore, clinicians should keep the cement ﬁlm as thin as
possible. Water absorption may also result in hygroscopic expan-
sion of the cement. However, the inﬂuences of hygroscopic ex-
pansion of the cement on the long-term durability of monolithic
zirconia restorations remain unaccounted for. Accordingly, the
present ﬁndings highlight the fact that cement thickness is a re-
levant factor that plays important roles in the monolithic zirconia
crown during loading.
In clinical practice, the restored crown-root complex is always
in the moist condition and subject to temperature changes.
Moreover, it is expected that cement types, thermo-cycling, water
storage, and loading combinations can inﬂuence on the bonding
quality. Therefore, further studies on the inﬂuence of the cement
type, water storage, cyclic loading, and thermo-cycling are
warranted.
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Within the limitation of the present study, it can be concluded
that:
(1) During mastication, the angular and horizontal forces generate
higher concentrations of stress than vertical force in the
monolithic zirconia crowns.
(2) Monolithic zirconia crowns have more stress concentrations
on the occlusal surfaces, while the cement layers have more
stress concentrations on the cervical areas.
(3) Stress concentration in the monolithic zirconia crowns in-
crease as thicknesses of cement layers increase.
(4) Small cement thickness is recommended in monolithic zirco-
nia crown.Acknowledgments
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